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Copenhagen school: "Don't ask, just do the math!"
Many physicists disparage my favorite, the Multiple
Universes (Multiverse) Theory, but some show its
smplicity®. We sometimes cannot know what really
did happen, smply because Nature forgot.
Nevertheless, we al assume the past is unique in
most of our thinking. We soon forget what we had
for lunch a week ago, but we are confident that the
answer is unambiguous. The exact number of carbon
atoms we ingested may be ambiguous, and we have
no way of knowing exactly what the course of events
(or food) redly was. We live in a world of
approximations. The past may not be unique. What
other unwarranted assumptions do we blithely
make?

That mathematicians throughout the ages should have
made various mistakes about matters of proof and
certainty is only natura. The present discussion
should lead us to expect that the current view will not
last forever, either. But the confidence with which
mathematicians have blundered into these mistakes
and their inability to acknowledge even the possibility
of error in these matters are, | think, connected with
and ancient and widespread confusion between the
methods of mathematics and its subject-matter. --
David Deutsch’.

What's a Qubit?: We can replace the photonsin the
two-dit experiment with eectrons, protons, atoms,
even buckeye-bals, and till get a diffraction pattern.
Similar ambiguities in Nature result from other
phenomena, such as the polarization of light and the
spins of subatomic particles. These spins can be
controlled by resonant microwave radiation. Any
such ambiguity can be exploited to construct a
quantum bit or 'qubit’, which is like a conventional
bit in that it can store one of two states, except that a
qubit can store a mixture of two states as long as we
do not know which date it stores. When it is
observed, a qubit assumes one of the two states.

Quantum Computers: A gquantum computer is a
device that exploits qubits (however constructed) to
explore severd possibilities a the same time with
the same hardware. Williams and Clearwater® have
explained the theory well. Whereas one qubit has a
superpodition of two dates, two qubits have a
superposition of four states, three qubits have a
superposition of eight states, and so on, so that N
qubits have a superposition of 2" states. The qubits
can maintain this superposition without interacting
with each other as long as outside forces do not
disrupt the coherence.

NMR Quantum Computers. Quantum computers
can be built in severa ways, and ultimately in ways
not yet considered. Nuclear magnetic resonance
(NMR) has been used to build some of the first
functional quantum computers. The idea is that each
molecule in a solution is a quantum computer with

some of its atoms congtituting the qubits. For
example, alanine has three carbon atoms, which can
be replaced by carbon-13 aoms with spin /s.
Mesasuring the spins of these atoms in a strong
magnetic field will show them aligned either with or
againg the magnetic fidd. Each aom in the
molecule has a resonance frequency, and applying
resonant microwave radiation at that frequency can
modify its spin. All the atomic spins normally
precess in their loca magnetic fields as affected by
the spins of neighboring atoms. An NMR quantum
computer program therefore consists of a sequence
of microwave pulses a specified frequencies and in
specified directions each followed by a delay of a
specified duration to allow coupling between qubits.

Quantum Algorithms. Researchers have developed
four agorithms for quantum computers. Williams
and Clearwater® explain these agorithms in detail.
Feynman® predicted that physics could be simulated
on a quantum computer more readily than on a
conventional computer. Recent developments in
quantum harmonic oscillators™ show how practica
Feynman simulators might develop. The Shor
Algorithm™* shows in principle how to factor large
numbers quickly (but no quantum computer has yet
factored 15). Grover's Algorithm™ shows how to
search unstructured databases, with modest success
in searching a four-bit database. The Deutsch-Jozsa
Algorithm®™ shows how to measure aglobal property
of afunction (such as whether a predicate of a four-
bit number is constant or true on half of al possible
inputs) by executing it on al possible inputs
simultaneoudly.

Entanglement: The notion of entangled qubits is
currently a hot topic* and is likdy to lead to
improvements in communications technology.
Some sophisticated experiments™ have shown that
two particles with corrdlated quantum states can
maintain their correlation over great separation
distances. Entanglement happens whenever a system
can exist in a superposition of just some of the
possble states. For example, three qubits are
entangled if they could never be observed in the
same dtate; that is, one mugt differ from the other
two. If the state of aqubit is not determined until it is
measured, how can one qubit know that the other
two have the same state? Although entanglement is
not required in al quantum agorithms, it may be
very important in building large quantum computers.
Eventualy entanglement may be used to
communicate quantum states between widdy
separated parts of a networked quantum computer.

Bit-Paralled Algorithms. Some algorithms for
quantum computers, including the Deutsch-Josza
Algorithm, work like bit-paralel agorithms. For
example, a 5-bit input has 32 possible values, so we
assign a bit position in a 32-bit word to each of those



values. Every possble predicate of that input
corresponds to some 32-bit signature. To negate a
predicate, complement its signature. To require al of
several predicates, take the logical intersection (and)
of their signatures. To require any of severd
predicates, use logica union (or), These operations
can be carried out in parald for dl possble 5-hit
inputs. To evaluate a predicate for any specific 5-bit
input, just look at the corresponding bit of the
signature of the predicate.

Complexity: The complexity of a problem is the
scale of its difficulty measured as the growth rate of
the logistical resources required to solve it as a
function of the size parameters of the problem. We
do not need to be overly specific here, and we
especialy do not need to define terms like NP-

complete. A smple scaleisenough (seeFig. 2):

» [Easy -- a solution costs pennies, you do it
yourself;

*  Nontrivid -- asolution costs dollars, you buy it;

e Hard -- a solution requires research, someone
|earns something;

» Intractable -- costs double for afixed increasein
Size, versus atractable problem for which costs
double for some percentage increasein size.

»  Noncomputable -- there is proof that no genera
solution ispossible,

Turing Tarpit: Theorems about limits on what can
be done have a chilling effect on research. Teach a
bright student about Turing noncomputability
(proofs that some functions are inherently not
computable on conventional computers) and that
student will later recognize certain problems as
being noncomputable and not even try, athough
partial solutions could be extremely valuable. He
appears to be mired in the Turing Tarpit'® and the
deeper one's understanding, the harder it is to ignore
limits. For example, we know that there cannot be a
proof procedure that determines whether an arbitrary
program ever terminates, but we can design proof
procedures that work on a class of programs large
enough to include al acceptable programs by
definition. Reliable programstend to be smple. For
another example, a recent paper’’ claims that NMR
guantum computers as currently constructed cannot
demonstrate entanglement. The paper does not refute
the assumption that each molecule in solution in an
NMR computer attains al its alowed states
simultaneoudly, but shows that the approximations
used in smal NMR quantum computers do not
demondtrate entanglement. We cannot expect to
escape the Turing Tarpit by shalow thinking. We
need to understand dl the assumptions that
determine various limits.

Tractability: Quantum computers and conventional
computers can theoretically smulate each other.
Therefore what is not computable for one is not
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computable for the other. Quantum computers have
an exponential advantage however; so what will
aways be intractable for a conventional computer
may become tractable for a quantum computer. A
tractable problem is theoretically practical. We turn
hard problems into nontrivial problems through
research, and nontrivial problemsinto easy problems
through education.

Grand Challenges. The Office of Nava Research
has posted four Grand Challenges'®, problem areas
that the Navy currently sees as very significant:

»  Battle Space Awareness

e Nava Materialsby Design

»  Electric Power Sources

e Inteligent Naval Sensors

Quantum computers and related technology may
someday contribute substantially to these challenges.
They are likely to contribute to meeting the first
three chdlenges through improved smulators.
Intelligent naval sensors will benefit most when
quantum computers help artificiad intelligence
succeed. Artificial intelligence may be the ultimate
beneficiary of quantum computing because many of
its failures have resulted from the intractability of the
problemsit faced.

Moore's Law: Many charts show the dramatic
exponential  growth of computer technology
throughout its history. Gordon Moore predicted that
this growth in 1963 when he had only three data
points. He has since said that his rule was not a law,
but a self-fulfilling prophecy™®. The silicon industry
adopted Moore's Law as a guideline in establishing
an industry roadmap®. Manufacturers who were
behind the curve had to alocate more resources to
stay competitive, but those who were ahead could
rdax a little. Many progress charts have been
prepared and are available on the web. One of the
best charts™ shows the evolution of computer power
over cost compared to evolution of human
brainpower.

Limits: Moore's Law cannot continue to hold for
conventional computers. The speed of light, the
Heisenberg Uncertainty Principle, and the Rayleigh
Resolution Criterion limit conventional computers.
Quantum computers hold forth the possibility of side
stepping these limits by performing computations in
many parald universes smultaneoudy. The various
limits do not constrain the computation until a
measurement is attempted. We do not know what
other limits will be discovered on quantum
computation.

Imagery: How could a quantum computer use its
enormous state space? That depends on the kinds of
data structures that are developed for quantum
computers. For example, a 2*x25-pixel image could
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be mapped through Fock-state preparation® onto the
superposed states of A+B qubits. Specifically, one
HDTV screen image (1024x1024 pixels) could be
mapped onto 20 qubits, and a four-hour movie (2
seconds) a 64 frames per second could be mapped
onto 40 qubits. That is not to say that we could get
the images back again because a quantum computer
with N qubits will only be able to answer N yes/no
questions. That problem is partialy addressed by
usng a great number (say 10") of very small
(molecular) quantum computers running the same
program. Even so, the state space grows much faster
with additional qubits than the possbility of
deploying enough quantum computers to render the
guantum state on a conventional computer.  For
example, just 700 qubits would be enough to map a
Euclidean universe the size and duration of our own
down to the Planck scale (10 cm). There would be
asubstantia input/output problem.

Processing: The problem is not how to extract the
guantum state from the qubits, but how to process
mapped images so much simpler questions can be
answered. The assumption necessary for exploiting
guantum computers is that each quantum computer
assumes all of its allowed states in each run. The
initidl and fina states may be smal, but the
computation may proceed through an extremely
large intermediate state space that is not measured.
For example, could a quantum computer locate an
image of a face or a weapon in a collection of a
thousand one-hour movies? The answer needs 10
bits to say which movie plus 18 bits to say which
frame, not the 2° bits needed to render that frame.
For another example, a quantum computer should be
able to smulate certain physical systems, such as the
weather or the propagation of underwater sound. |
say ‘'should for sound (and radar) because the
various wave equations are time symmetric up to the
incluson of atenuation, and | have run such
smulations  backwards®., The  fundamental
operations of a quantum computer are unitary (time
symmetric) transformations, except for making
observations, starting up, and shutting down. These
exceptions prove that the full operation of a quantum
computer need not be time symmetric. Time
symmetry isjust ameans of improving performance.

Education: Quantum computers will help solve
many interesting and worthwhile problems only
when enough researchers have the tools and
expertise to tackle them. Not only will these
researchers have to master their problem domains,
they will have to understand and rework the
assumptions in those domains. Nahin did so for time
travel® by his scholarly and comprehensive analysis
of our assumptions about time. The purpose of many
assumptions is to make certain solutions tractable.
Any technology that changes what is tractable will
require re-examination of the underlying

assumptions of any field that might use that
technology. We must not only train future
researchers to use basic techniques, but to invent
them. We must adso assume that productive
programming environments for general-purpose
quantum computers can be developed. Having
quantum computers that are accessible most of the
time will greetly contribute to the education of many
expertsin programming them.

Direction: We need a reference point for future
analysis, a design that is well ahead of the state of
the art, so that we can make future estimates about
the development of quantum computers. To freeze
the reference point, we will use a very old design®,
one that will not change because it has not changed.
The Rabi Quantum Computer is named after |sador
Issac Rabi, an Austrian-born American physicist
who discovered that resonant microwave radiation
could affect the spins of subatomic particles. It is
specified to be 300 qubits long, 50 qubits wide, and
30 qubits high with a 1 qubit high grid on top for an
interface to a windows system (see Fig. 3). This
design could help us survive an information flood
that makes our current one look like an April
shower. It could surely take on the complete
genome for two of every kind of animal in the world,
because it is the RQC (pronounced "ark, you see" in
English). However, the imminent use of this design
does not depend on actually building it or on faith in
its Designer, but on its uncontested age, so that an
edtimate of when it could be congtructed will be
commensurate with future estimates.

Schedule: When could an RQC be built? Current
edimates are necessarily very vague. We need to
progress from the current state of the art of short
linear 8-qubit chains to large chains and grids. Some
sixteen doublings are required to build the RQC as
specified with 450000 ~ 8*2'° qubits. | expect the
following stages will take place:

e 1-2years QC concepts proven;

e 2-5years Some QCisup al thetime;

e b510yearss Remote QC access for study;

e 10-25years. Practica QC gridsavailable;

* 25-50years: Cheap QC'sin use everywhere;

e 50-100 years. An RQC can be built.

Shortecuts: Advancesin technology sometimes take
surprising leaps when supporting technology is
available. Perhaps someone will figure out how to
exploit the magnetic fields in old core memories to
control qubit grids. Perhaps someone will couple
CCD grids (as in camcorders) to qubit grids, so that
a complicated quantum computer program can be
prepared as a video clip. An RQC could conceivably
be built in twenty years. At least by then we will
have 2020 hindsight.



Connections. Although a linear chain of qubits is
enough because the quantum states of two adjacent
qubits can be exchanged, more complicated
networks are probably desrable. There are
indications even now that we will be able to create
three-dimensional  qubit grids using DNA
structures®®. How those qubits are interconnected is
not specified. Connecting each qubit to its six
nearest neighbors is surely overkill.  Connecting
15000 chains of 50 qubits to 300 chains of 30 qubits
in the I/O grid, each connected to one chain of 50
qubits may be awkward because moving quantum
states around such a network may lose many of the
benefits obtained from quantum computing.

Perfect Shuffle A connection topology that has
minimal direct connections for easy implementation
and maxima indirect connections for rapid
movement of quantum states will be desirable. One
perfect shuffle network (see Fig. 4) connects each
cell directly with just three other cells, but indirectly
with some 2¢ cells in k steps. For an example that
does not quite meet the RQC specification, consider
connecting M=131071 cells in loops of P=17 cells
each with the remaining cell linked to itself. Number
the cells in one such collection so that cel n is
connected to cell 2n (modulo M). Number the cells
in another such collection so that cell n is connected
to cel 2n+1 (modulo M). Entangling qubits in
correspondingly numbered cells from each collection
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